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ARTICLE INFO ABSTRACT

Keywords: Angiogenesis is a hallmark in cancer. Most antiangiogenic agents block the action of vascular endothelial growth
Pyridine factor (VEGF). In clinic, patients develop hypoxia-mediated resistance consistent with vascular responses to
Thi?noﬁ’yridine these agents. Recent studies underlying such resistance revealed hypoxia-inducible PIM-1 kinase upregulation
Anticancer which promotes cancer progression. PIM-1 kinase expression is thus viewed as a new resistance mechanism to
;\E\;{)lto;;ase antiangiogenic agents. Hence, combining PIM kinase inhibitors with anti-VEGF therapies provides synergistic
VEGFR-2 antitumor response. Inspired by these facts, the current study aims at designing novel dual VEGFR-2/PIM-1

kinase inhibitors via molecular hybridization and repositioning of their pharmacophoric features. Moreover,
enhancing the cytotoxic potential of the designed compounds was considered via incorporating moieties mi-
micking caspase 3/7 activators. Accordingly, series of novel pyridine and thieno[2,3-b]pyridine derivatives were
synthesized and screened via MTT assay for cytotoxic activities against normal fibroblasts and four cancer cell
lines (HepG-2, Caco-2, MCF-7 and PC-3). Compounds 3a, 9e, 10b and 10c exhibited anticancer activities at
nanomolar ICso with promising safety, activated caspase 3/7 and induced apoptosis as well as DNA fragmen-
tation more than doxorubicin in the four cancer cell lines. Furthermore, they exerted promising dual VEGFR-2/
PIM-1 kinase inhibition and significantly exhibited higher therapeutic potential to alter the expression levels of
VEGF, p53 and cyclin D than doxorubicin. Interestingly, the most active anticancer compound 10b conferred the
highest dual VEGFR-2/PIM-1 kinase inhibition. Finally, their in silico ligand efficiency metrics were acceptable.

domains [6]. VEGFR-2 represents the principle transducer of VEGF-
dependent angiogenesis [7]. Therefore, inhibition of VEGF/VEGFR
signaling pathway was recently reported as an advanced therapeutic

1. Introduction

Cancer is considered the second most common cause of death

worldwide [1]. The estimated new cancer cases increased from 14.1
millions in 2012 to 21.6 millions by 2030 [2]. In recognition of the
burden posed by cancer, the WHO passed the resolution “Cancer Pre-
vention and Control through an Integrated Approach” in 2017 [3]. Ex-
tensive studies have been conducted for identifying various cancer
mechanisms [4], especially those underlying resistance to che-
motherapy [5]. Within this context, the growth of new vascular net-
work known as angiogenesis is viewed as a hallmark in cancer pro-
liferation, as well as metastatic spread. One of the most essential
regulators of angiogenesis is the vascular endothelial growth factor
family (VEGFs). They exert their biological effects via targeting three
correlated receptors (VEGFR 1-3) through interaction with their kinase
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target for inhibition of angiogenesis [8]. This inhibition is mainly
achieved via preventing VEGFR-2 receptors activation utilizing receptor
tyrosine kinase inhibitors (RTKIs) [9]. The most known inhibitors
among the class are sunitinib [10], sorafenib [11], apatinib [12] and
axitinib [13] (Fig. 1). Moreover, inhibition of VEGFR-2 can exert direct
antiproliferative effect against cancer cell lines which express VEGFR-2
receptors on their surface. They induce apoptosis of these cells in vitro
via blocking the VEGFR-2 downstream signaling pathways, as PI3K/
AKT, and Ras-MEK-ERK pathways [14,15].

Although many antiangiogenic agents are currently approved for
cancer treatment, patients usually develop rapid resistance to these
drugs. This is attributed to reduced perfusion (hypoxia); the most
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Fig. 1. Rationale for designing the target compounds.

common vascular response to antiangiogenic drugs. Consistent with
hypoxia, several studies reported a measurable increase in hypoxia
inducible factor-1 (HIF1) expression, which in turn induces the tran-
scription of genes that promote various tumorigenesis processes, in-
cluding angiogenesis [16,17]. Thus prolonged HIF1 activation is asso-
ciated with the therapeutic resistance to antiangiogenic drugs [18].
New insights on the molecular mechanisms of tumor angiogenesis re-
vealed that hypoxia-inducible PIM kinase upregulation also promotes
such resistance [19]. It is worth mentioning that PIM-1 kinase, one of
the serine/threonine kinases family, is basically involved in altering the
transcription of key genes mediating tumorigenesis and angiogenesis
such as; p53, cyclin D and VEGF [20-22]. Further studies focusing on
the role of PIM kinase in mediating angiogenesis showed that PIM in-
hibition reduces HIF1 activity associated with hypoxia [19]. It comes as
no surprise then that PIM inhibitors in combination with antiangiogenic
drugs negates the tumor intrinsic defence mechanism. Moreover,

antiangiogenic drugs starve cancer cells of oxygen, making them more
hypoxic, thus more sensitive to PIM inhibitors. Accordingly, con-
comitant inhibition of VEGF and PIM achieves synergistic anticancer
response that is characterized by growth arrest, decreased angiogenesis,
enhanced cell death, and reduced metastasis [19]. Besides that, effec-
tive cancer treatment strategies usually encompass apoptotic induction
which is mainly accomplished via caspase 3/7 activation [23,24].
Structure activity relationship studies showed that potent VEGFR-2
inhibitors share certain structural features that are thematic across most
of the class members comprising a flat heterocyclic aromatic ring
constructing the core, a hydrogen bond acceptor-donor pair, which is
either an amide or urea moiety, and a terminal aromatic ring with a
space sufficient enough for various substituents around it [6,25]. On the
other hand, most of the potent PIM-1 kinase inhibitors share a char-
acteristic cyanopyridine core that is usually substituted with different
aryl moieties at positions 4 and 6 [26,27]. Interestingly, pyridine
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constructs a pharmacophoric core of some lead caspase 3/7 activators
[28] Moreover, literature survey revealed that pyridine ring is ex-
tensively present in the skeletal backbone of many lead anticancer
agents [29,30] and VEGFR-2 inhibitors [31] including commercially
available drugs as apatinib and axitinib (Fig. 1).

With the aforementioned advantages of combining inhibition of
VEGFR-2 and PIM-1 kinases together with caspase 3/7 activation, the
current study aims at designing novel dual VEGFR-2/PIM-1 kinase in-
hibitors endowed with caspase 3/7 activation potential. The design
strategy was rationalized via applying molecular hybridization and re-
positioning of the common respective pharmacophoric features (Fig. 1).
Within this approach, pyridine moiety was selected as the heterocyclic
core endowed with an amide moiety representing the hydrogen bond
acceptor-donor motif linked to a terminal aromatic ring. This VEGFR-2
inhibitor inspired scaffold was then decorated with a cyano moiety and
two aryl (3,4-dimethoxyphenyl) groups at positions 3, 4 and 6, re-
spectively to mimic the PIM kinase inhibitors’ general structural fea-
tures. It is worth mentioning that the aryl groups were selected as di-
methoxyphenyl groups which were reported to enhance the anticancer
activity through improving compounds’ lipophilicity [29,30]. To enrich
the structure-activity relationship study, the designed scaffold was
modified at various positions, where the pyridine heterocyclic core was
replaced with thienopyridine ring, the amide moiety was replaced with
carboxylate, ketonic, or alkyl groups, finally the terminal aromatic ring
was substituted with various moieties. All the newly synthesized com-
pounds were screened for cytotoxic activities against normal human
fibroblasts and four human cancer cell lines; HepG-2 (liver), Caco-2
(colon), MCF-7 (breast), PC-3 (prostate) utilizing MTT assay [32]. Their
respective selectivity indices were calculated to assess their efficacy and
safety profiles. The most active compounds were evaluated for their
ability to in vitro inhibit VEGFR-2 and PIM-1 kinase enzymes, then
subjected to real time PCR assay for quantifying VEGF, p53 and cyclin D
expression levels. Furthermore, the most promising anticancer com-
pounds were tested for their potential to induce apoptosis by flow cy-
tometric annexin V/propidium iodide analysis, caspase 3/7 activation
assay and subsequent DNA fragmentation. Finally, ligand efficiency
metrics of the most active compounds were computationally predicted
as a useful tool for selecting and optimizing lead compounds.

2. Results and discussion
2.1. Chemistry

Several multi-component reaction (MCR) strategies have been re-
ported to efficiently prepare cyanopyridines [30,33]. In this study, the
synthetic strategies adopted for the synthesis of the intermediate and
target compounds are depicted in Schemes 1 And 2. Scheme 1 outlined
the preparation of pyridine-2-thione 1 through one pot reaction of di-
methoxyacetophenone with dimethoxybenzaldehyde and cyanothioa-
cetamide in the presence of catalytic amount of ammonium acetate. The
infrared spectrum showed a characteristic absorption bands at 3444
and 2216 cm ™! corresponding to NH and CN groups, respectively 'H
NMR showed a singlet at § 3.88 ppm corresponding to the 40CH;
moieties. S-alkylation of 1 with alkyl halides, ethyl bromoacetate and
ethyl bromopropionate in the presence of potassium carbonate by re-
fluxing in absolute ethanol yielded compounds 2a-d and 3a, b, re-
spectively following the reported reaction conditions [34]. IR spectra of
2a-d and 3a, b lacked the high frequency NH stretching absorption
bands and showed absorption bands at 1729 and 1742cm ™! corre-
sponding to C=O groups of compound 3a, b. S-alkylation with a-
bromoketones could be performed under different conditions [35].
Herein, Reaction of 1 with 4-substituted phenacyl bromides or N-aryl-2-
chloroacetamides in the presence of anhydrous sodium acetate in ab-
solute ethanol at room temperature afforded the corresponding ox-
oethylthio derivatives 4a-d or N-aryl thioacetamides 5a-e, respectively.
The molecular structures of these compounds were confirmed on the
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basis of their spectral data. The infrared spectra for compounds 4a-d
showed characteristic bands at 1691-1702 cm ™! corresponding to C=
O groups. The 'H NMR spectra showed additional singlets for methy-
lene group of SCH, at § 5.08-5.14 ppm as well as signals assigned for
the aryl groups at their expected chemical shifts. For compounds 5a-e,
their infrared spectra displayed absorption bands at 3259-3290 cm ~!
and 1662-1668 cm ™ corresponding to the amide moieties. Additionally
their '"H NMR spectra displayed two D,O exchangeable singlets at §
10.21-10.51 and 13.93-13.94 ppm corresponding to the NH protons.
Interestingly, S-alkylation of 1 with chloroacetonitrile following the
same reaction conditions used for preparation of compounds 2a-d and
3a, b afforded compound 6 where S-alkylation is followed by alkaline
hydrolysis of the cyano group to the corresponding thioacetamide de-
rivative [36]. IR spectrum of 6 revealed absorption bands at 3467,
3335cm ™! and 1632 cmlcorresponding to the amide moiety, and its
'H NMR spectrum showed a singlet of the SCH, at § 4.43 ppm and D,0
exchangeable singlet at § 5.76 ppm corresponding to the NH, protons.

In scheme 2, Cyclization of the S-alkylated pyridine derivatives 3a
and 6 by refluxing in freshly prepared sodium ethoxide solution af-
forded the thieno[2,3-b]pyridine-2-carboxylic acid salt 7 and the thieno
[2,3-b]pyridine-2-carboxamide 8, respectively [37]. IR spectrum of 7
lacked the cyano absorption band in 3a and revealed amino absorption
bands at 3415 and 3330 cm ™. Furthermore, "H NMR spectrum lacked
the triplet and quartet of the ethyl ester moiety, and the singlet of the
SCH, in the precursor 3a. IR spectrum of 8 lacked the cyano absorption
band and its 'H NMR spectrum lacked the singlet of the SCH, in the
precursor 6.

The thienopyridines 9a-e and 10a-e were prepared by refluxing
pyridine-2-thione 1 with appropriate phenacyl bromide or chlor-
oacetanilide derivatives, in presence of anhydrous potassium carbonate
in absolute ethanol. IR spectra of 9a-e and 10a-e lacked the cyano
absorption band in 1 and revealed amino absorption bands in the range
of 3467-3485 and 3290-3362 cm ™ .The structure of such compounds
were additionally substantiated on basis of their 'H NMR and **C NMR
spectral data.

2.2. Biological evaluation

2.2.1. Cytotoxicity screening

All the newly synthesized compounds were evaluated for their cy-
totoxic effects against normal human lung fibroblasts (Wi-38) using
doxorubicin (Dox) as standard anticancer drug utilizing microculture
MTT method [32,38,39]. The highest ICs, values indicate that the
compounds were safe on the proliferation of normal human cells. As
shown in Table 1, all prepared compounds possessed a remarkable non
cytotoxic effect on human lung fibroblasts (Wi-38) with ICsy ranging
from 0.0289 to 0.7790 uM compared to doxorubicin (ICso = 0.0266 uM).
Compounds 1, 2b, 3b, 5d, 10a and 10d showed the highest ICs, va-
lues > 0.0927 uM which indicate their safety on normal human cells.

2.2.2. Anticancer screening

All the new compounds were screened for their potential anticancer
activities against four human cancer cell lines; HepG-2 (liver), Caco-2
(colon), MCF-7 (breast), PC-3 (prostate) using doxorubicin (Dox) as
standard anticancer drug utilizing microculture MTT assay, as de-
scribed by Mosmann [32]. The obtained data were represented in
Table 1 as ICso values of the tested compounds and the reference drug
doxorubicin in pM. The results revealed that some compounds showed
significant anticancer activities against all tested cell lines. The most
potent activities against HepG-2 cell line were exhibited by compounds
10b and 10c with ICsy values = 0.0062 and 0.0090 uM, respectively
compared to doxorubicin (ICso = 0.0100 uM). While compounds 3a
and 9e showed nearly equipotent activities with ICso values = 0.0123
and 0.0130 uM, respectively. The results demonstrate that Caco-2 cell
line was sensitive to all the tested compounds except 1, 2a, 2¢, 4a and
10e with ICs values in the range of 0.0594-0.0952 uM compared to
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2a; R=CHj

2b; R=CH,CHj;

2¢; R=CH,CH,CHj;
2d; R=CH,C¢H;s

4d; R=Br

Reagents and conditions : (i) CH;COONH, / EtOH / Reflux ; (ii) Alkyl halide / K,CO; / EtOH /
Reflux; (iii) Br(CH,),COOEt /K,CO; / EtOH / Reflux; (iv) p-RC{H,COCH,Br / CH;COONa / EtOH /
R.T.; (v) p-RCcH{INHCOCH,Cl/ CH3;COONa / EtOH / R.T. ; (vi) CICH,CN / K,COj3 / EtOH / Reflux.

Scheme 1. Synthetic pathway for pyridine derivatives 1-6.

doxorubicin (ICsy = 0.0504 uM). Compounds 3a, 9b, 9e, 10b, 10c and
10d showed the highest potency against Caco-2 cell line (more than
doxorubicin) with ICsy values ranging from 0.0103 to 0.0249 uM. The
antitumor activity of the tested compounds against MCF-7 cell line
revealed that four compounds 3a, 9e, 10b and 10c (ICso = 0.0179,
0.0163, 0.0127 and 0.0169 pM, respectively) exhibited superior activ-
ities than doxorubicin (ICso = 0.0234 uM), while compounds 2a, 2¢
and 10d were nearly equipotent to doxorubicin with ICsy values ran-
ging from 0.0250 to 0.0299 uM. Regarding the anticancer activity
against the PC-3 cell line, compounds 3a, 9e, 10b and 10c (IC50=
0.0209, 0.0161, 0.0105 and 0.0202 uM, respectively) were more potent
than doxorubicin (IC5o= 0.0332uM), whereas compounds 5e and 6
showed promising activity with ICso values 0.0361 and 0.0327 uM,
respectively. Accordingly, compounds 3a, 9e, 10b and 10c exhibited
the highest anticancer potential, against all tested human cancer cells,
compared to other compounds and doxorubicin.

Selectivity index is the ratio between the compound ICs, on normal
cells and its ICsq on cancer cells (Table 1), which is the measure of the
selectivity of the drug candidate towards cancer cells rather than
normal cells. When the SI is =3, the drug is considered to be highly
selective [40]. It is one of the most important measure of an anticancer

agent that shows its ability to differentiate between normal and cancer
cells [41].

Accordingly, the tested compounds were evaluated for their se-
lectivity index values (SI). Hence, compounds 3a, 9e, 10b and 10c
were found to be promising anticancer agents especially against liver
cancer (HepG-2) with SI values 4.772, 3.038, 9.516 and 5.900, re-
spectively. Moreover, compounds 3a and 10b were selective against
colon cancer cell line (Caco-2) with SI; 5.699 and 2.864, respectively.
Additionally, compounds 3a and 10c showed high SI of 3.262 and
3.142, respectively against MCF-7 breast cancer cell lines and moderate
SI of 2.808 and 2.628, respectively towards prostate cancer (PC-3).
Compound 9e showed moderate SI toward MCF-7 and PC3 cell lines.
Both compounds (3a and 10c) showed the highest cancer SIs towards
all tested cancer cell lines in comparison with Dox, while compound 9e
had the highest SIs against HepG-2, MCF-7 and PC-3 cell lines. Finally,
compound 10b revealed high selectivity against HepG-2 and Caco-2 cell
lines compared to Dox. It is worth mentioning that compounds 2b and
10a were found to have high SIs towards all cancer cell lines although
they lack anticancer activities this is because of their higher ICs, Values
(0.7790 and 0.2130 pM, respectively) on wi-38 normal cell than ICsq
values on cancer cells.
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9¢; R=OCH;
9d; R=Cl1
9e; R=Br

Reagents and conditions : (i) BrCH,COOEt / K,CO;/ EtOH/ Reflux ; (ii) C,H;ONa / EtOH / Reflux ; (iii) CICH,CN / K,COj; / EtOH / Reflux;
(iv) C;H5ONa / EtOH / Reflux ; (v) p-RC(H,COCH,Br / K,CO; / EtOH / Reflux; (vi) p-RCcHyNHCOCH,Cl1/ K,CO; / EtOH / Reflux.

Scheme 2. Synthetic pathway for thienopyridine derivatives 7-10.

Table 1
In vitro cytotoxicity and selectivity index (SI) values of the tested compounds.
Cpd No. wi-38 HepG-2 Caco-2 MCF-7 PC-3
ICso (UM) ECi00 (HM) ICso (UM) SI ICso (UM) SI ICso (UM) SI ICso (UM) SI

1 0.0927 * 0.006 0.0416 = 0.015 0.0924 = 0.004 1.003 0.0843 + 0.01 1.099 0.1238 + 0.028 0.748 0.1180 =+ 0.02 0.785
2a 0.0625 *= 0.004 0.0240 = 0.018 0.0347 = 0.002 1.801 0.0594 *= 0.01 1.052 0.0299 + 0.003 2.090 0.0470 x 0.006 1.329
2b 0.7790 = 0.006 0.0480 = 0.02 0.0486 = 0.002 16.028  0.0390 =+ 0.001 19.964 0.0476 = 0.001 16.365 0.0553 = 0.01 14.086
2¢ 0.0514 * 0.003 0.0169 *= 0.006 0.0960 = 0.014 0.535 0.0837 * 0.002 0.614 0.0254 + 0.0005 2.023 0.0800 + 0.0002 0.642
2d 0.0549 = 0.004 0.0326 = 0.007 0.0525 = 0.007 1.045 0.0375 = 0.0003  1.464 0.0438 + 0.002 1.253 0.0461 =+ 0.001 1.193
3a 0.0587 = 0.014 0.0473 = 0.03 0.0123 = 0.004 4.772 0.0103 = 0.0002 5.699 0.0179 = 0.001 3.262 0.0209 = 0.001 2.808
3b 0.0998 = 0.045 0.0617 = 0.026 0.0466 = 0.005 2.141 0.0391 = 0.003 2.552 0.0414 =+ 0.004 2.410 0.0476 *= 0.005 2.096
4a 0.0615 *= 0.013 0.0408 = 0.013  0.0898 =+ 0.02 0.684 0.0952 * 0.003 0.646 0.0748 + 0.02 0.822 0.0592 + 0.003 1.038
4b 0.0340 = 0.002 0.0083 = 0.001 0.0635 *+ 0.01 0.535 0.0432 = 0.001 0.787 0.0416 = 0.0004 0.817 0.0441 + 0.0001 0.770
4c 0.0553 = 0.035 0.0215 = 0.019 0.0712 = 0.002 0.776 0.0528 = 0.0005 1.047 0.0610 = 0.0001  0.906 0.0648 = 0.0006 0.853
4d 0.0361 = 0.0003 0.0250 + 0.001 0.0644 * 0.001 0.560 0.0512 * 0.001 0.705 0.0540 + 0.003 0.668 0.0691 + 0.009 0.522
5a 0.0299 =+ 0.002 0.0105 * 0.01 0.0723 + 0.003 0.413 0.0540 * 0.005 0.553 0.0489 =+ 0.0008 0.611 0.0510 + 0.001 0.586
5b 0.0333 = 0.001 0.0157 = 0.004 0.0451 = 0.001 0.738 0.0366 = 0.006 0.909 0.0390 =+ 0.001 0.853 0.0540 = 0.002 0.616
5c 0.0370 *= 0.003 0.0268 = 0.006  0.0581 = 0.005 0.637 0.0373 *= 0.001 0.991 0.0418 + 0.003 0.885 0.0468 + 0.001 0.790
5d 0.1190 *= 0.07 0.0639 *= 0.03 0.0413 * 0.001 2.881 0.0294 + 0.007 4.047 0.0360 + 0.002 3.305 0.0586 + 0.01 2.030
Se 0.0700 = 0.031 0.0350 = 0.02 0.045 = 0.003 1.555 0.0317 = 0.002 2.209 0.0383 + 0.003 1.828 0.0361 + 0.002 1.940
6 0.0415 = 0.003 0.0166 = 0.016 0.042 + 0.001 0.988 0.0317 = 0.004 1.309 0.0325 *= 0.003 1.276 0.0327 = 0.0001 1.269
7 0.0770 = 0.014 0.0630 = 0.01 0.0751 + 0.001 1.025 0.0545 * 0.002 1.412 0.0728 + 0.018 1.057 0.0720 + 0.008 1.069
8 0.0510 = 0.002 0.0421 = 0.003 0.0619 *= 0.002 0.823 0.0282 * 0.006 1.808 0.0347 = 0.004 1.469 0.0484 = 0.002 1.053
9a 0.0289 = 0.006 0.0111 = 0.001 0.0614 *= 0.001 0.470 0.0495 = 0.002 0.583 0.0495 =+ 0.003 0.583 0.0504 =+ 0.001 0.573
9b 0.0399 * 0.001 0.0301 = 0.001 0.0426 + 0.0003 0.936 0.0249 * 0.001 1.602 0.0362 + 0.001 1.102 0.0950 + 0.001 0.420
9c 0.0383 = 0.005 0.0193 = 0.007 0.0734 = 0.002 0.521 0.0544 =+ 0.004 0.704 0.0571 + 0.004 0.670 0.0815 + 0.02 0.426
9d 0.0307 = 0.012 0.0287 = 0.006 0.0476 = 0.001 0.644 0.0381 = 0.0005 0.805 0.0529 + 0.012 0.580 0.0463 + 0.005 0.663
e 0.0395 * 0.001 0.0317 = 0.003 0.0130 = 0.001 3.038 0.0237 * 0.001 1.666 0.0163 + 0.004 2.423 0.0161 + 0.004 2.453
10a 0.2130 = 0.04 0.0194 = 0.004 0.0446 = 0.002 4.775 0.0366 *= 0.001 5.819 0.0389 + 0.003 5.475 0.0427 =+ 0.0005 4.988
10b 0.0590 *= 0.018 0.0472 = 0.014 0.0062 = 0.001 9.516 0.0206 = 0.002 2.864 0.0127 + 0.025 0.574 0.0105 = 0.0193  0.533
10c 0.0531 * 0.005 0.0312 = 0.01 0.0090 * 0.001 5.900 0.0239 * 0.002 2.221 0.0169 + 0.0003  3.142 0.0202 + 0.002 2.628
10d 0.0927 * 0.034 0.0764 = 0.027 0.0464 = 0.003 1.997 0.0245 * 0.001 3.783 0.0253 =+ 0.0001  3.664 0.0503 + 0.008 1.842
10e 0.0363 = 0.002 0.0294 = 0.003  0.0722 = 0.005 0.503 0.0615 = 0.001 0.590 0.0735 = 0.004 0.494 0.0735 = 0.007 0.489
Dox 0.0266 = 0.005 0.0121 = 0.001  0.0100 = 0.001 2.660 0.0504 = 0.005 0.527 0.0234 + 0.002 1.136 0.0332 = 0.001 0.801

Data were expressed as the means of two determinations = SEM.
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Fig. 2. Morphological alterations of the most effective compounds-treated cancer cell lines, untreated cancer cells and doxorubicin-treated cells.

Furthermore, the four cancer cell lines (HepG-2, Caco-2, MCF-7 and
PC-3) were examined for morphological changes before and after
treatment with the most active and safe compounds 3a, 9e, 10b and
10c in comparison with cells treated with the reference doxorubicin. As
revealed, these compounds were able to collapse normal spindle shape
of four studied cancer cell lines as shown in Fig. 2.

2.2.3. Flow cytometric analysis of apoptosis

Compounds 3a, 9e, 10b and 10c exhibiting significant anticancer
activities were tested for their apoptotic effects using flow cytometric
annexin V/propidium iodide analysis [42]. Results (Fig. 3 and Table 2)
revealed high percentages of annexin-stained population cells in cancer
cell lines treated with compounds 3a, 9e, 10b and 10c¢ compared to the
control untreated cancer cells. It was obvious that these compounds
induced apoptosis-dependent death by above 40% in the treated HepG-
2, Caco-2, MCF-7 and PC-3 cancer cell lines compared to less than 39%
apoptotic cell in case of Dox. Compound 10b exhibited the highest
significant potential for induction of apoptosis (> 64%, early apoptosis;
15.35-39.77% and late apoptosis; 31.37-55.53%) in all studied human
cancer cell lines. Compound 9e was able to induce apoptosis by ap-
proximately similar percentages at early and late stages in HepG-2 and
Caco-2 cells, whereas higher percentages were detected at late stages in
case of MCF-7 and PC-3. 3a majorly induced late apoptosis in Caco-2,
PC-3 and HepG-2, whereas it mainly induced early apoptosis in MCf-7.
No significant differences were observed between early and late apop-
totic populations in all the screened cell lines treated with 10c.

2.2.4. Caspase 3/7 activation assay and the subsequent DNA fragmentation
Caspase 3/7 activators are well known as apoptotic inducers

[43,44]. Herein, the apoptotic induction mechanism displayed by the
most active compounds 3a, 9e, 10b and 10c was estimated by de-
termining the percentages of caspase 3/7 activation in cancerous cell
lines when treated with ICs, of these compounds. Results (Table 3)
revealed that all compounds 3a, 9e, 10b and 10c significantly induced
caspase 3/7 activation (> 45%) higher than the reference; Dox
(42.94-48.09%) in all tested human cancer cell lines. Compound 10b
exhibited the highest significant caspase activation (56.86-62.85%) in
all four tested human cancer cells in comparison with other compounds
and Dox. Consequently, DNA fragmentation induced in all cancer cell
lines exposed to the four active compounds (> 49%) were higher than
that in Dox-treated cancer cells (< 45.9%). Compound 10b exhibited
the highest DNA fragmentation potential (> 77.5%) among the tested
compounds and Dox in all studied human cancer cells (Table 4). Ac-
cordingly, results of the caspase 3/7 activation assay and the sub-
sequent DNA damage were consistent with that of the flow cytometric
analysis of apoptosis.

2.2.5. VEGFR-2 kinase inhibitory activity

Based on the aforementioned role of VEGFR-2 inhibition as pro-
mising therapeutic strategy for inhibiting angiogenesis and tumor
growth, the most active anticancer compounds (3a, 9e, 10b and 10c)
were evaluated for their VEGFR-2 kinase inhibitory activity [45]
compared to quercetin as reference. Their ICso values were listed in
Table 5. Results revealed promising VEGFR-2 kinase inhibition with
ICs values ranging from 5.873 to 12.411 pM. Remarkably, compounds
10b (ICso = 5.873 uM) and 9e (ICso = 6.905 pM) exhibited inhibitory
activities comparable to quercetin (ICso = 5.219 uM), whereas 10c and
3a were less active.
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Fig. 3. Flow charts of annexin-PI analysis of the most effective compounds-treated cancer cells lines, untreated cancer cells and doxorubicin-treated cells.

2.2.6. PIM-1 kinase inhibitory activity

In search for novel dual VEGFR-2/PIM-1 kinase inhibitors towards
achieving synergistic anticancer response, PIM-1 kinase inhibitory ac-
tivity [46] was evaluated for the most active compounds (3a, 9e, 10b
and 10c) and the ICs, values were recorded in Table 5. Quercetin, was
used as the reference drug. The results revealed remarkable PIM-1 ki-
nase inhibitory activities with ICsy values ranging from 7.948 to
12.163 uM comparable to the reference drug (ICsp = 11.436 uM). In-
terestingly, among them, compounds 3a, 9e and 10b showed superior
inhibitory activities to quercetin with ICso = 9.236, 9.394 and
7.948 uM, respectively. Moreover, compound 10c was comparable to
quercetin with IC5o = 12.163 uM.

2.2.7. Real time PCR assay for quantifying VEGF, p53 and cyclin D
expression levels

Compounds 3a, 9e, 10b and 10c were then subjected to real time
PCR assays [47] for quantifying their effect on expression levels of some
key player genes (VEGF, p53 and cyclin D) underlying angiogenesis and
carcinogenesis. Results in Table 6 indicated that both compounds 3a
and 10b suppressed the expression of VEGF and cyclin D by 4 and 5
folds, respectively, in the treated HepG-2 cells, while 9e and 10c ex-
hibited lower potential to decrease the expression levels of the above-
mentioned genes by approximately 3 and 4 folds, respectively. More-
over, compounds 3a and 10b upregulated p53 expression by 3 folds,
whereas 9e and 10c induced 2-fold upregulation. Interestingly, all the
tested compounds significantly exhibited higher therapeutic potential
to alter the expression levels of VEGF, p53 and cyclin D than the re-
ference chemotherapy; doxorubicin.

2.2.8. Structure activity relationship

In the light of the MTT results, the general activity pattern showed
that the designed scaffolds conserved the intrinsic antitumor effects of
the parent lead compounds (Fig. 1). However, the displayed activity
and selectivity appeared to be a function of the scaffold building blocks.
Seemingly, the majority of the most potent compounds belong to the

thienopyridine series, with the p-tolyl acetamido derivative 10b at the
top of the list. In other words, the combination of thienopyridine core,
amide linker and p-tolyl as a terminal aromatic moiety conferred the
highest anticancer activity against the four screened cell lines with
nanomolar ICso values. Within this series, the terminal aromatic ring
substitution endowed variable anticancer activities. Oxygen insertion
(p-methoxy derivative 10c) slightly decreased the anticancer activity
against all the screened cancer cell lines. Replacing the p-methyl moiety
(10b) with chloro (10d) obviously decreased the anticancer potency
against HepG-2, MCF-7 and PC-3, while maintaining approximately
similar activity against Caco-2 cells. Such selectivity against Caco-2 was
partially lost in case of the unsubstituted derivative (10a), which
showed general lower anticancer activity than both 10b and 10c. The p-
bromo derivative (10e) exhibited the lowest activities among the series.
Further comparison of the anticancer activities within the thienopyr-
idine-based derivatives revealed that replacement of the amide linker
with carbonyl moiety (i.e. NH removal; compounds 9a-e) generally led
to lower potencies. Surprisingly, within this series, the aromatic sub-
stitution pattern contributed differently to the observed activity, where
the p-bromo derivative (9e) exhibited the highest activities against the
four cell lines. The p-methyl derivative (9b) endowed approximately
similar activity against Caco-2 cells, lower potency against HepG-2 and
MCF-7, and abolished activity against PC-3. Interestingly, replacement
of the methyl group with hydrogen (unsubstituted derivative; 9a) or
chloro (9d) restored considerable anticancer activity against PC-3,
while other cell lines were less sensitive to such modifications. On the
other hand, oxygen insertion (p-methoxy derivative; 9¢) remarkably
decreased the anticancer activity against all the screened cancer cell
lines. More structure activity relationship studies were concluded with
the terminal aromatic ring removal while keeping the amide linker (8)
or replacing it with a carboxylate group (7). Within this context, the
unsubtituted amide linker (8) nearly conserved the intrinsic anticancer
activity of the phenyl acetamido derivative 10a against MCF-7 and PC-
3. Moreover, it endowed higher potency against Caco-2 and lower one
against HepG-2. In other words, the unsubstituted terminal aromatic
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Table 3
Percentages of caspase 3/7 activation in the
cancer cell lines.

most active compounds-treated
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Table 5
In vitro VEGFR-2 and PIM-1 kinase inhibition data of the most active com-
pounds.

Cpd No. Caspase 3/7 activation % Cpd No. ICso (UM)
HepG-2 Caco-2 MCF-7 PC-3 VEGFR-2 PIM-1 kinase
3a 52.59 * 1.05°  50.92 = 0.405° 4596 = 0.28° 49.31 * 0.22° 3a 12.411 9.236
9e 49.23 + 0.31°  48.08 = 0.562° 50.91 + 0.24° 53.95 + 0.71° e 6.905 9.394
10b 56.86 + 0.32% 62.85 * 0.38% 61.25 * 0.71* 61.12 + 0.85° 10b 5.873 7.948
10c 50.32 * 0.31% 4514 * 0.73° 47.92 * 0.73° 4537 + 0.16¢ 10c 9.188 12.163
Dox 48.09 * 0.43°  44.67 + 0.35° 42.94 = 0.27¢  44.08 = 0.79¢ Quercetin 5.219 11.436
All values are expressed as mean *= SEM.
Different letters are significantly different in the same column at P < 0.05. Table 6

AG = Gibb's free energy

NHA = non-hydrogen atom.

pICso = half-maximal inhibitory concentration (in molar con-
centration).

The lowest acceptable limit of LE is 0.3 [52].

The ligand efficiency concept has been recently extended to con-
sider other physicochemical parameters, such as lipophilicity. Hence,
the new metric “Liphophilic Ligand Efficiency” (LLE) was introduced.
LLE is a measure of how efficiently a ligand can exploit its lipophilicity
to bind to its target [53], thus highlighting the price paid in ligand
lipophilicity on the expense of its potency. LLE can be calculated from
the following equation:

LLE = pICy, — cLogP

LLE values = 3 are acceptable for lead compounds, while drug-like
candidates record values = 5 [50].

Herein, LE and LLE values of the most active compounds were
calculated based on their ICs, values against the four screened cancer
cell lines. Results (Table 7) indicated that compound 3a had acceptable
LE values (=0.3) against all the screened cancer cell lines. Other
compounds were slightly beyond the acceptable limit (0.238-0.281).
Additionally, compound 3a exhibited LLE values above the limit re-
commended for lead compound (> 3) against all the screened cancer
cell lines, while other compounds showed LLE values in the range of
0.795-2.535.

3. Conclusion

This study portrays design and synthesis of novel pyridine and
thienopyridine-based architectures as dual VEGFR-2/PIM-1 kinase in-
hibitors endowed with caspase 3/7 activation via merging their phar-
macophoric features. All the newly synthesized compounds were
screened for cytotoxicity against normal fibroblasts and four cancer cell
lines (HepG-2, Caco-2, MCF-7 and PC-3) compared to doxorubicin

Table 4

Change in the expression level of VEGF, p53 and Cyclin D in the most active
compounds-treated HepG2.

Cpd No. Fold change in gene expression level

VEGF p53 Cyclin D
3a 0.26 = 0.004° 3.169 + 0.001° 0.187 + 0.00003"
9e 0.428 + 0.007¢ 2.359 + 0.005" 0.259 + 0.006°
10b 0.228 + 0.006° 3.1417 + 0.006% 0.175 + 0.0001°
10c 0.359 + 0.007¢ 2.24 * 0.006¢ 0.219 + 0.0001°
Dox 0.518 + 0.01° 1.9596 * 0.02° 0.304 + 0.013¢

All values are expressed as mean = SEM.
Different letters are significantly different in the same column at P < 0.05.

utilizing MTT assay. The most active Compounds 3a, 9e, 10b and 10c
exhibited higher anticancer potential than doxorubicin, against all the
screened cell lines, especially HepG-2 with promising SI values. Their
flow cytometric analysis data showed higher induced apoptosis-de-
pendent death in the treated cancer cells compared to doxorubicin.
Mechanistic studies revealed that they induced caspase 3/7 activation
and DNA fragmentation higher than doxorubicin, with 10b at the top of
the list. VEGFR-2 inhibition assay showed that 10b (ICso = 5.873 pM)
and 9e (ICso = 6.905uM) exhibited comparable activities to
quercetin (ICso = 5.219 uM), whereas 10c and 3a were less active.
PIM-1 kinase inhibitory assay revealed remarkable activities
(ICsp = 7.948-12.163 uM) compared to quercetin (ICso = 11.436 uM).
Again, 10b was the most potent (ICso = 7.948 pM) among the group.
Real time PCR assays showed that 3a, 9e, 10b and 10c exhibited higher
therapeutic potential to alter the expression levels of VEGF, p53 and
cyclin D than doxorubicin. Finally, their computational ligand effi-
ciency metrics were reasonable. In light of these results, it could be
concluded that the assembly of thienopyridine core, amide linker and
terminal p-tolyl group (10b) conferred the highest dual VEGFR-2/PIM-
1 kinase inhibition, best VEGF expression suppression and caspase 3/7
activation which were consistent with cytotoxicity results. Such archi-
tecture may pave the way for further optimization strategies towards
new lead multitarget anticancer agents.

Percentages of DNA fragmentation in the most active compounds-treated cancer cell lines.

Cpd No. DNA fragmentation %
HepG-2 Caco-2 MCF-7 PC-3

Untreated Cells 1.69 * 0.025¢ 1.085 + 0.055° 2.03 = 0.09¢ 1.59 + 0.02¢
3a 76.825 + 1.18% 50.675 * 0.33" 50.04 + 0.17° 59.234 + 1.3°
9e 61.925 + 0.38" 48.755 + 1.11° 59.31 + 0.77° 66.255 + 1.28°
10b 77.795 + 1.25° 79.892 + 1.35° 81.605 * 0.93° 90.24 * 7.6°
10c 65.39 + 1.15" 51.955 + 0.71° 51.845 + 0.43° 49.025 + 0.08°
Dox 42.825 + 0.28° 45.925 + 0.28° 42.005 * 1.23° 45.22 * 0.35¢

All values are expressed as mean = SEM.
Different letters are significantly different in the same column at P < 0.05.
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Table 7

Ligand Efficiency (LE) and Ligand Lipophilic Efficiency (LLE) of the most active compounds.
Cpd No. NHA? LogP" HepG-2 Caco-2 MCF-7 PC-3

pICso° LE LLE pICso LE LLE pICso LE LLE pICso LE LLE

3a 35 4.49 7.910 0.309 3.42 7.987 0.312 3.497 7.744 0.303 3.254 7.679 0.300 3.189
9e 39 6.83 7.886 0.277 1.056 7.625 0.267 0.795 7.787 0.273 0.957 7.793 0.273 0.963
10b 40 5.90 8.207 0.281 2.307 7.686 0.263 1.786 6.988 0.239 1.088 6.978 0.238 1.078
10c 41 5.51 8.045 0.268 2.535 7.621 0.254 2.111 7.772 0.259 2.262 7.694 0.257 2.184

& NHA: non-hydrogen atom.

> LogP: logarithm of compound partition coefficient between n-octanol and water.

¢ pICso = —log(ICsp).
4. Experimental
4.1. Chemistry

All chemicals and solvents were purchased from commercial sup-
pliers. Melting points were determined in open-glass capillaries using a
Griffin melting point apparatus and were uncorrected. The progress of
the reactions was monitored by thin-layer chromatography (TLC) on
commercially available precoated silica gel aluminum-backed plates
and the spots were visualized by exposure to iodine vapors or UV-lamp
at A 254 nm for few seconds. Infrared spectra (IR) were recorded, for
KBr discs, on a PerkinElmer RXIFT-IR. Nuclear magnetic resonance
spectra, 'H NMR spectra were recorded on Bruker spectrometer
(400 MHz) using DMSO-d¢ as solvent. The data were reported as che-
mical shifts or § values (ppm) relative to tetramethylsilane (TMS) as
internal standard. Signals were indicated by the following abbrevia-
tions: s = singlet, d = doublet, t = triplet, q = quartet and m = multi-
plet, dd = doublet of doublet and br. = broad. *C NMR pectra were
detected on Bruker spectrometer (100 MHz) using DMSO-dg as solvent.
The data were reported as chemical shifts or 8 values (ppm) relative to
tetramethylsilane (TMS) as internal standard. Microanalyses were
within = 0.4% of the calculated values.

4.1.1. 4,6-bis(3,4-Dimethoxyphenyl)-2-thioxo-1,2-dihydropyridine-3-
carbonitrile (1)

A mixture of 3,4-dimethoxybenzaldehyde (1.66 g, 0.01 mol), 3,4-
dimethoxyacetophenone (1.8 g, 0.01 mol), cyanothioacetamide (1.13 g,
0.01 mol) and anhydrous ammonium acetate (7.71g, 0.1mol) in
ethanol (50 ml) was stirred and heated under reflux for 12 h. The re-
action mixture was allowed to cool and the obtained precipitate was
filtered, washed with cold ethanol, dried and crystallized from DMF/
ethanol (2:1). Yield: 49%; MP: 222-4°C; IR (KBr, cm™'): 3444 (NH),
2216 (CN), 1518 (C=C), 1596, 1387, 1251, 1151 (N-C=S). 'H NMR
(DMSO-ds, 400 MHz) 8 ppm: 3.88 (s, 12H, 4 OCHz), 7.09-7.17 (m, 3H,
3,4-dimethoxyphenyl-Cy 5 & s-H), 7.33-7.34 (m, 2H, 3,4-dimethox-
yphenyl-Cg g »-H), 7.51-7.55 (m, 2H, pyridyl-Cs-H & 3,4-dimethox-
yphenyl-Cg-H). Anal. Calcd (%) for CooH2oN204S (408.47): C, 64.69; H,
4.94; N, 6.86. Found: C, 64.67; H, 4.88; N, 6.76.

4.1.2. 4,6-bis(3,4-Dimethoxyphenyl)-2-(substitutedthio)nicotinonitrile
(2a-d)

To a mixture of 1 (0.1 g, 0.25 mmol), anhydrous potassium carbo-
nate (0.14 g, 1 mmol) in absolute ethanol (5 ml), the appropriate alkyl
or aralkyl halides (1.1 mmol) were added. The mixture was heated
under reflux for 8 h. The reaction mixture was then cooled and treated
with ice-cold water. The precipitate formed was filtered and purified by
washing with hot ethanol.

4.1.2.1. 4,6-bis(3,4-Dimethoxyphenyl)-2-(methylthio)nicotinonitrile

(2a). Yield: 95%; MP: 178-80°C; IR (KBr, cm™'): 2207 (C=N),
1565(C=N), 1517 (C=C), 1259 (C—0—C), 1025 (C—S—C); 'H NMR
(DMSO-dg, 400 MHz, 8 ppm): 2.74 (s, 3H, SCH3), 3.86, 3.87 (25, each
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6H, 4 OCH3), 7.09,7.14 (2d, J = 8 Hz, each 1H, 3,4-dimethoxyphenyl-
Cs & 5-H), 7.30 (d, J = 8 Hz, 1H, 3,4-dimethoxyphenyl-Cs-H), 7.34 (s,
1H, 3,4-dimethoxyphenyl-C>-H), 7.85-7.87 (m, 2H, pyridyl-Cs-H & 3,4-
dimethoxyphenyl-Co-H), 7.90 (d, J = 8 Hz, 1H, 3,4-dimethoxyphenyl-
Ce-H); 3C NMR (DMSO-dg, 100 MHz, & ppm): 13.52, 56.05, 56.09,
56.14, 56.21, 102.08, 111.01, 112.18, 112.78, 115.23, 116.81, 121.35,
122.02, 128.50, 129.80, 149.17, 149.38, 150.83, 151.69, 154.12,
157.86, 163.37; Anal. Calcd for Cy3H25N504S (422.50): C, 65.38; H,
5.25; N, 6.63. Found: C, 65.28; H, 5.19; N, 6.62.

4.1.2.2. 4,6-bis(3,4-Dimethoxyphenyl)-2-(ethylthio)nicotinonitrile

(2b). Yield: 91%; MP: 128 °C; IR (KBr, cm ™ 1):2214 (C=N), 1567 (C=
N), 1515 (C=C), 1266 (C—0—C), 1023 (C—S—C); 'H NMR (DMSO-ds,
400 MHz, 8 ppm): 1.45 (t, J = 8 Hz, 3H, SCH,CH3), 3.39 (q, J = 8 Hz,
2H, SCH,CHs3), 3.86-3.88 (m, 12H, 4 OCHs), 7.12,7.16 (2d, J = 8 Hz,
each 1H, 3,4-dimethoxyphenyl-Cs & s-H), 7.31 (d, J = 8 Hz, 1H, 3,4-
dimethoxyphenyl-C¢-H), 7.35 (s, 1H, 3,4-dimethoxyphenyl-C»-H),
7.85-7.87 (m, 2H, pyridyl-Cs-H & 3,4-dimethoxyphenyl-C,-H), 7.90
(d, J=8Hz, 1H, 3,4-dimethoxyphenyl-C¢-H); Anal. Caled for
Co4H24N504S (436.52): C, 66.03; H, 5.54; N, 6.42. Found: C, 65.98;
H, 5.51; N, 6.39.

4.1.2.3. 4,6-bis(3,4-DimethoxyphenyD)-2-(propylthio)nicotinonitrile

(2¢). Yield: 89%; MP: 138-40°C; IR (KBr, cm™!): 2213 (C=N),
1566(C=N), 1518 (C=C), 1256 (C—0—C), 1021 (C—S—C); 'H NMR
(DMSO-dg¢, 400 MHz, 8§ ppm): 1.06 (t, J = 8 Hz, 3H, SCH,CH,CH,),
1.77-1.86 (m, 2H, SCH,CH,CHs), 3.35-3.38 (m, 2H, SCH,CH,CH3),
3.86-3.88 (m, 12H, 4 OCHs), 7.12,7.15 (2d, J = 8 Hz, each 1H, 3,4-
dimethoxyphenyl-Cs & s-H), 7.31 (d, J=8Hz 1H, 3,4-
dimethoxyphenyl-C¢-H), 7.35 (s, 1H, 3,4-dimethoxyphenyl-C,-H),
7.83-7.86 (m, 2H, pyridyl-Cs-H & 3,4-dimethoxyphenyl-C,-H), 7.89
(d, J=8Hz, 1H, 3,4-dimethoxyphenyl-C¢-H); Anal. Caled for
CosHo6N204S (450.55): C, 66.64; H, 5.82; N, 6.22. Found: C, 66.63;
H, 5.81; N, 6.20.

4.1.2.4. 2-(Benzylthio)-4,6-bis(3,4-dimethoxyphenylnicotinonitrile

(2d). Yield: 81%; MP: 130-1°C; IR (KBr, cm ™ 1): 2212 (C=N), 1567
(C=N), 1513 (C=C), 1264 (C—0—C), 1025 (C—S—C); 'H NMR (DMSO-
dg, 400 MHz, 8 ppm): 4.71 (s, 2H, SCH,), 3.80 (s, 3H, OCH3), 3.84-3.86
(m, 9H, 3 OCH;), 7.08,7.13 (2d, J=8Hz each 1H, 34-
dimethoxyphenyl-Cs g s5-H), 7.26-7.35 (m, 5H, benzyl-H), 7.49-7.51
(m, 2H, 3,4-dimethoxyphenyl-C, 4¢-H), 7.81 (s, 1H, 3,4-
dimethoxyphenyl-C»-H), 7.86 (s, 1H, pyridyl-Cs-H), 7.89 (d, J = 8 Hz,
1H, 3,4-dimethoxyphenyl-C¢-H); *C NMR (DMSO-dg, 100 MHz, §
ppm): 34.08, 56.01, 56.07, 56.11, 56.19, 101.97, 110.97, 112.10,
112.15, 112.79, 115.77, 116.70, 121.44, 122.03, 127.68, 128.45,
128.97, 129.16, 129.69, 138.08, 149.17, 149.41, 150.87, 151.73,
154.31, 157.97, 162.37; Anal. Calcd for CyoH6N204S (498.16): C,
69.86; H, 5.26; N, 5.62. Found: C, 69.79; H, 5.19; N, 5.56.

4.1.3. General procedure for preparation of compounds (3a,b)
To a mixture of 1 (0.1g, 0.25mmol), anhydrous potassium
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carbonate (0.14 g, 1 mmol) in absolute ethanol (5ml), ethyl bromoa-
cetate or ethyl bromopropionate (1.1 mmol) was added. The mixture
was heated under reflux for 8 h. The reaction mixture was then cooled
and poured on ice-cold water. The precipitate formed was filtered and
purified by washing with hot ethanol.

4.1.3.1. Ethyl 2-((3-cyano-4,6-bis(3,4-dimethoxyphenyDpyridin-2-yDthio)
acetate (3a). Yield: 81%; MP: 162-3°C; IR (KBr, cm ™ 1): 1742 (C=
0),2206 (C=N), 1567 (C=N), 1514 (C=C), 1265 (C—0—C), 1023
(C—S—C); 'H NMR (DMSO-dg, 400 MHz, § ppm): 1.11 (t, J = 8 Hz, 3H,
CH,CH3), 3.86-3.87 (m, 9H, OCHj3), 3.91 (s, 3H, OCHs), 4.09 (q,
J = 8 Hz, 2H, CH,CHs), 4.27 (s, 2H, SCH,), 7.09,7.16 (2d, J = 8, 12 Hz,
each 1H, 3,4-dimethoxyphenyl-Cs & s-H), 7.33 (d, J = 8 Hz, 1H, 3,4-
dimethoxyphenyl-Cg¢-H), 7.37 (s, 1H, 3,4-dimethoxyphenyl-C,-H), 7.83
(s, 1H, pyridyl-Cs-H),7.86 (d, J = 8 Hz, 1H, 3,4-dimethoxyphenyl-C¢-
H), 7.90 (s, 1H, 3,4-dimethoxyphenyl-Cy-H); 3C NMR (DMSO-dg,
100 MHz, 8§ ppm): 14.44, 32.96, 56.12, 56.17, 56.18, 56.22, 61.61,
101.80, 111.34, 112.02, 112.25, 112.81, 115.79, 116.61, 121.49,
122.04, 128.35, 129.51, 149.20, 149.41, 150.92, 151.82, 154.31,
158.11, 161.77, 169.13. Anal. Calcd for C,ysHy6N>OgS (494.56): C,
63.14; H, 5.30; N, 5.66. Found: C, 63.02; H, 5.34; N, 5.62.

4.1.3.2. Ethyl 3-((3-cyano-4,6-bis(3,4-dimethoxyphenylpyridin-2-yDthio)
propanoate (3b). Yield: 79%; MP: 268-70°C; IR (KBr, cm ™ H):2207
(C=N), 1729 (C=0), 1550(C=N), 1507 (C=C), 1246 (C—0—-C),
1019 (C—S—C); 'H NMR (DMSO-ds, 400 MHz, § ppm): 1.19 (t,
J = 8 Hz, 3H, CH,CHs5), 2.89, 3.61 (2t, J = 8 Hz, each 1H, SCH,CH,),
3.82-3.87 (m, 14H, SCH,& 40CH,), 4.11 (q, J = 8 Hz, 2H, CH,CHs;),
7.01-7.18 (m, 4H, 3,4-dimethoxyphenyl-Cy56s s-H), 7.35 (s, 1H,
pyridyl-Cs-H), 7.65 (d, J = 12Hz, 1H, 3,4-dimethoxyphenyl-Cq-H),
7.90 (s, 1H, 3,4-dimethoxyphenyl-C,-H); '*C NMR (DMSO-dg,
100 MHz, 8§ ppm): 14.53, 25.66, 34.22, 55.99, 56.06, 56.16, 56.22,
60.75, 102.34, 110.87, 112.02, 112.65, 112.80, 115.79, 116.61,
121.31, 122.04, 128.46, 129.69, 148.75, 149.46, 150.87, 151.76,
154.47, 158.02, 162.30, 171.84; Anal. Calcd for Coy;HgN506S
(508.59): C, 63.76; H, 5.55; N, 5.51. Found: C, 63.78; H, 5.56; N, 5.49.

4.1.4. General procedure for preparation of compounds (4a-d), (5a-e) and
6

To a mixture of 1 (0.1 g, 0.25 mmol) and anhydrous sodium acetate
(0.04 g, 0.5 mmol) in absolute ethanol (5 ml), either of the appropriate
phenacyl bromide or the appropriate chloroacetanilide derivatives
(1.1 mmol) was added and the reaction mixture was stirred for 10 h at
room temperature. The reaction mixture was then poured onto ice cold
water. The precipitated product was collected by filtration and purified
by washing with cold ethanol.

4.1.4.1. 4,6-bis(3,4-Dimethoxyphenyl)-2-((2-oxo-2-phenylethylthio)
nicotinonitrile (4a). Yield: 76%; MP: 188-90 °C; IR (KBr, cm™1): 2209
(C=N), 1702 (C=0), 1568 (C=N), 1513 (C=C), 1264 (C—0—C), 1023
(C—S—C); 'H NMR (DMSO-dg, 400 MHz, 8 ppm): 3.42 (s, 3H, OCH3),
3.78 (s, 3H, OCHs3), 3.86-3.87 (m, 6H, 2 OCH3), 5.14 (s, 2H, SCH,),
6.84, 7.17 (2d, J = 8 Hz, each 1H, 3,4-dimethoxyphenyl-Cs s-H), 7.34
(d, J=8Hz, 1H, 3,4-dimethoxyphenyl-C¢-H), 7.37 (s, 1H, 3,4-
dimethoxyphenyl-C»-H),7.55-7.65 (m, 4H, phenyl-C; & s-H &3,4-
dimethoxyphenyl- Cyg6-H), 7.73 (t, J = 8 Hz, 1H, phenyl-C, -H), 7.84
(s, 1H, pyridyl-Cs-H), 8.13 (d, J = 8 Hz, 2H, phenyl-C, & ¢-H); Anal.
Calcd for C3oH26N205S (526.16): C, 68.42; H, 4.98; N, 5.32. Found: C,
68.22; H, 4.77; N, 5.22.

4.1.4.2. 4,6-bis(3,4-Dimethoxyphenyl)-2-((2-oxo-2-(p-tolyDethyl)thio)

nicotinonitrile (4b). Yield: 80%; MP: 180-2°C; IR (KBr, cm™1):2211
(C=N), 1698 (C=0), 1594 (C=N), 1515 (C=C), 1264 (C—0—C), 1020
(C—S—C); 'H NMR (DMSO-dg, 400 MHz, § ppm): 2.55 (s, 3H, CHs), 3.54
(s, 3H, OCH3y), 3.77-3.99 (m, 9H, 3 OCHs), 5.08 (s, 2H, SCH,), 6.84,
7.12 (2d, J = 8 Hz, each 1H, 3,4-dimethoxyphenyl-Cs, s-H), 7.14-7.19
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(m, 2H, 3,4-dimethoxyphenyl-C,¢-H), 7.28-7.40 (m, 2H, 3,4-
dimethoxyphenyl- Cyge-H), 7.49-7.65 (m,2H, p-chlorophenyl- C3 g s-
H), 7.83 (s, 1H, pyridyl-Cs-H), 7.98-8.30 (d, J = 8Hz, 2H, p-
chlorophenyl-C, g ¢-H); 3¢ NMR (DMSO-dg, 100 MHz, § ppm):
26.93, 38.41, 56.00, 56.22, 56.25, 57.22, 101.91, 111.50, 111.70,
112.05, 112.27, 112.66, 112.77, 117.88, 122.28, 122.48,
123.75,128.19, 129.54, 130.41, 133.38, 149.20, 149.25, 151.35,
152.20, 156.44, 158.10, 179.84, 190.99; Anal. Calcd for C3,H,gN,05S
(540.63): C, 68.87; H, 5.22; N, 5.18. Found: C, 68.66; H, 5.21; N, 4.99.

4.1.4.3. 2-((2-(4-Chlorophenyl)-2-oxoethyDthio)-4,6-bis(3,4-

dimethoxyphenyl) nicotinonitrile (4c). Yield: 72%; MP: 164-5°C; IR
(KBr, cm_l):2210 (C=N), 1691 (C=0), 1571 (C=N), 1513 (C=0Q),
1263 (C—0—C), 1023 (C—S—CQ); H NMR (DMSO-dg, 400 MHz, 8 ppm):
3.51 (s, 3H, OCHs), 3.79 (s, 3H, OCH3), 3.86-3.87 (m, 6H, 2 OCHs),

5.09 (s, 2H, SCH,), 6.82, 7.16 (2d, J=8Hz, each 1H, 3,4-
dimethoxyphenyl-Cs, s-H), 7.33 (d, J=8Hz, 1H, 3,4-
dimethoxyphenyl-C¢-H), 7.36 (s, 1H, 3,4-dimethoxyphenyl-C»-H),

7.55-7.57 (m, 2H, 3,4-dimethoxyphenyl- Cyse-H), 7.66 (d, J = 8 Hz,
2H, p-chlorophenyl- C; g s-H), 7.82 (s, 1H, pyridyl-Cs-H), 8.12 (d,
J = 8 Hz, 2H, p-chlorophenyl-C; g ¢-H); 13C NMR (DMSO-dg, 100 MHz,
8 ppm): 38.41, 55.60, 56.00, 56.17, 56.22, 101.91, 110.88, 111.69,
112.26, 112.80, 115.87, 116.73, 121.40, 122.03, 128.38, 129.45,
129.48, 130.77, 134.99, 139.11, 149.20, 149.22, 150.90, 151.75,
154.21, 158.08, 161.82, 192.42; Anal. Calcd for CszoH35CIN,Os5S
(561.05): C, 64.22; H, 4.49; N, 4.99. Found: C, 64.01; H, 4.39; N, 4.89.

4.1.4.4. 2-((2-(4-Bromophenyl)-2-oxoethyDthio)-4,6-bis(3,4-

dimethoxyphenyl) nicotinonitrile (4d). Yield: 70%; MP: 186-8°C; IR
(KBr, cm™1):2210 (C=N), 1693 (C=0), 1573 (C=N), 1513 (C=C),
1262 (C—0—C), 1024 (C—S—CQ); H NMR (DMSO-dg, 400 MHz, 8 ppm):
3.51 (s, 3H, OCHs3), 3.80 (s, 3H, OCH3), 3.86-3.87 (m, 6H, 2 OCH,),
5.09 (s, 2H, SCH,), 6.81, 7.17 (2d, J=8Hz, each 1H, 34-
dimethoxyphenyl-Cs, s-H), 7.33 (d, J=8Hz, 1H, 3,4-
dimethoxyphenyl-C¢-H), 7.36 (s, 1H, 3,4-dimethoxyphenyl-C»,-H),
7.54-7.56 (m, 2H, 3,4-dimethoxyphenyl- Cyge-H), 7.80-7.83 (m,3H,
p-bromophenyl- C; g s-H & pyridyl-Cs-H), 8.05 (d, J = 8 Hz, 2H, p-
bromophenyl-C, ¢ ¢-H); Anal. Caled for C3oHosBrN,OsS (605.50): C,
59.51; H, 4.16; N, 4.63. Found: C, 59.45; H, 3.98; N, 4.58.

4.1.4.5. 2-((3-Cyano-4,6-bis(3,4-dimethoxyphenyl)pyridin-2-yl)thio)-N-
phenylacetamide (5a). Yield: 75%; MP: 206-8 °C; IR (KBr, cm™1): 3267
(NH), 2215 (C=N), 1667 (C=0), 1598 (C=N), 1517 (C=C), 1258
(C—0—-C), 1023 (C—S—0O); 'H NMR (DMSO-dg, 400 MHz, 8 ppm):
3.76-3.89 (m, 12H, 4 OCHs3), 4.26, 4.34 (2s, each 1H, SCH,),
6.82-7.19 (m, 4H, 3,4-dimethoxyphenyl-C, 5 ¢ &s5-H), 7.30-7.36 (m,
3H, phenyl-Cs, 4g 5-H), 7.49-7.54 (m, 2H, 3,4-dimethoxyphenyl- Cog¢6-
H), 7.60 (d, J = 8 Hz, 2H, phenyl-C56-H), 7.87 (s, 1H, pyridyl-Cs-H),
10.36, 13.94 (2s, 1H, NH D,O exchangeable); Anal. Calcd for
C3oH27N305S (541.62): C, 66.53; H, 5.02; N, 7.76. Found: C, 66.45;
H, 4.97; N, 7.78.

4.1.4.6. 2-((3-Cyano-4,6-bis(3,4-dimethoxyphenyl)pyridin-2-yl)thio)-N-

(p-tolyDacetamide (5b). Yield: 72%; MP: 190-2°C; IR (KBr, cm ™)
3277 (NH), 2216 (C=N), 1663 (C=0), 1597 (C=N), 1517 (C=0Q),
1255 (C—0—C), 1024 (C—S—CQ); H NMR (DMSO-dg, 400 MHz, 8 ppm):
2.25 (s, 3H, CHs3), 3.77-3.89 (m, 12H, 4 OCHs3), 4.23, 4.31 (2, each
lH, SCHz), 6.83-7.19 (m, 5H, 3,4—dimeth0xyphenyl—C2,5, 6,2°& 5'-H),
7.32-7.36 (m, 2H, tolyl-C3 s-H), 7.48 (d, J = 8 Hz, 2H, tolyl-C; ¢ -H),
7.52 (d, J = 8Hz, 1H, 3,4-dimethoxyphenyl- C¢-H), 7.87 (s, 1H,
pyridyl-Cs-H), 10.27, 13.93 (2s, 1H, NH D,O exchangeable); '°C
NMR (DMSO-dg, 100 MHz, 8 ppm): 20.93, 44.03, 56.02, 56.19, 56.21,
56.25,101.91,111.70,112.06,112.66,115.91,117.88,119.60,119.83,
122.03, 123.74, 128.46, 129.60, 129.69, 133.31, 136.43, 137.06,
149.00, 151.35, 152.11, 152.19, 156.45, 158.32, 164.84,
166.01,179.84; Anal. Calcd for C31Ho9N3O0sS (555.64): C, 67.01; H,
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5.26; N, 7.56. Found: C, 67.02; H, 5.11; N, 7.44.

4.1.4.7. 2-((3-Cyano-4,6-bis(3,4-dimethoxyphenyl)pyridin-2-yl)thio)-N-
(4-methoxyphenyl) acetamide (5c). Yield: 77%; MP: 220 °C; IR (KBr,
cm™1): 3290 (NH), 2214 (C=N), 1663 (C=0), 1598 (C=N), 1515
(C=Q), 1252 (C—0—C), 1025 (C—S—C);'H NMR (DMSO-ds, 400 MHz, &
ppm): 3.72-3.89 (m, 15H, 5 OCHs), 4.22, 4.30 (25, each 1H, SCH,),
6.87-6.92 (m, 3H, p-methoxyphenyl-C3, s-H &3,4-dimethoxyphenyl-C,-
H), 7.11-7.19 (m, 2H, 3,4-dimethoxyphenyl-Cs s-H), 7.32-7.36
(m, 2H, 3,4-dimethoxyphenyl-Cs ¢-H), 7.49-7.53 (m, 3H, p-
methoxyphenyl- C, ¢-H& 3,4-dimethoxyphenyl-C,-H), 7.88 (s, 1H,
pyridyl-Cs-H), 10.21, 13.94 (2s, 1H, NH D,O exchangeable); '3C
NMR (DMSO-dg, 100 MHz, 8 ppm): 43.98, 55.65, 56.18, 56.22, 56.23,
56.25,101.93, 111.71, 112.05, 112.66, 114.34, 114.44,121.14,121.41,
122.28, 123.75, 128.19, 128.46, 129.72, 132.03, 132.70, 149.05,
149.39, 151.65, 152.20, 154.28, 156.09, 158.30, 164.60, 165.75,
179.84; Anal. Calcd for C3;HyoN30gS (571.64): C, 65.13; H, 5.11; N,
7.35. Found: C, 65.16; H, 4.88; N, 7.22.

4.1.4.8. N-(4-Chlorophenyl)-2-((3-cyano-4,6-bis(3,4-dimethoxyphenyl)
pyridin-2-yDthio) Acetamide (5d). Yield: 76%; MP: 212-14 °C; IR (KBr,
cm ™ 1):3264 (NH), 2214 (C=N), 1668 (C=0), 1602(C=N), 1517
(C=C), 1255 (C—0-C), 1022 (C—S—C); 'H NMR (DMSO-dg,
400 MHz, 8§ ppm): 3.77-3.89 (m, 12H, 4 OCH,), 4.26, 4.33 (2s,
eachlH, SCH,), 6.81-7.19 (m, 2H, 3,4-dimethoxyphenyl-Coqs-H),
7.32-7.36 (m, 2H, 3,4-dimethoxyphenyl-Css. ¢-H), 7.40 (d, J = 8 Hz,
2H,p-chlorophenyl-C3 g5-H), 7.49-7.54 (m, 1H, 3,4-dimethoxyphenyl-
Ce-H),7.62-7.64 (m, 3H, p-chlorophenyl-C, 26-H&3,4-
dimethoxyphenyl-C,-H),7.88 (s, 1H, pyridyl-Cs-H), 10.44, 13.94 (2s,
1H, NH D,0 exchangeable); Anal. Calcd. for C3qH2CIN305S (576.06):
C, 62.55; H, 4.55; N, 7.29. Found: C, 62.51; H, 4.51; N, 7.27.

4.1.4.9. N-(4-Bromophenyl)-2-((3-cyano-4,6-bis(3,4-dimethoxyphenyl)

pyridin-2-yDthio) Acetamide (5e). Yield: 66%; MP: 200-2 °C; IR (KBr,
cm ™ 1):3259 (NH), 2213 (C=N), 1662 (C=0), 1594(C=N), 1517
(C=0), 1257 (C—0—0C), 1021 (C—S—C);'H NMR (DMSO-dg, 400 MHz,
8 ppm): 3.77-3.89 (m, 12H, 4 OCH3), 4.33 (s, 2H, SCH,), 6.80-7.19 (m,
3H, 3,4-dimethoxyphenyl-Cy5 gs5-H), 7.32-7.36 (m, 2H, 3,4-
dimethoxyphenyl-Ceg ¢-H), 7.48-7.52 (m, 2H, p-bromophenyl-Cs3 gs-
H), 7.58 (d, J = 8 Hz, 2H,p-bromophenyl-C, g¢-H), 7.69-7.5 (m, 1H,
3,4-dimethoxyphenyl-C,-H), 7.88 (s, 1H, pyridyl-Cs-H), 10.51, 13.94
(2s, 1H, NH D,O exchangeable); Anal. Calcd. for C3oH¢BrN3OsS
(620.51): C, 58.07; H, 4.22; N, 6.77. Found: C, 58.12; H, 4.12; N, 6.68.

4.1.5. 2-((3-Cyano-4,6-bis(3,4-dimethoxyphenylpyridin-2-yDthio)
acetamide (6)

Yield: 79%; MP: 232 °C; IR (KBr, cm ™ 1): 3467, 3335 (NH,), 2197
(C=N), 1632 (C=0), 1577(C=N), 1523 (C=C), 1259 (C—0—C), 1025
(C—S—Q); 'H NMR (DMSO-dg, 400 MHz, 8 ppm): 3.84-3.88 (m, 12H, 4
OCH3), 4.43 (s, 2H, SCH,), 5.76 (s, 2H, NH, D,O exchangeable),
7.06-7.11 (m, 2H, 3,4-dimethoxyphenyl-Csg 5-H), 7.17-7.20 (m, 2H,
3,4-dimethoxyphenyl-Cog ¢-H), 7.79-7.85 (m, 3H, thienopyridinyl-Cs-H
& 3,4-dimethoxyphenyl-Coge-H); °C NMR (DMSO-dg, 100 MHz, &
ppm): 56.06, 56.14, 56.25, 73, 110.66, 112.15,112.26,112.91, 116.11,
118.75, 119.04, 120.95, 121.61, 128.60, 130.06, 148.12, 149.22,
149.49, 150.07, 150.73, 151.27, 156.92, 161.38; Anal. Calcd for
Cy4H33N305S (422.50): C, 61.92; H, 4.98; N, 9.03. Found: C, 61.89; H,
4.97; N, 8.99.

4.1.6. General procedure for preparation of compounds 7 and 8

A suspension of 3a or 6 (0.24 g, 0.5 mmol) in freshly prepared so-
lution of sodium ethoxide (prepared from 0.06g, 2.6 mmol sodium
metal in 5ml absolute ethanol) was heated under reflux for 6 h. The
reaction mixture was then cooled to room temperature and treated with
ice cold water. The precipitate formed was filtered, washed with
ethanol, dried and crystallized from DMF/ ethanol.

12

Bioorganic Chemistry 92 (2019) 103189

4.1.6.1. Sodium 3-amino-4,6-bis(3,4-dimethoxyphenyl)thieno[2,3-b]
pyridine-2-carboxylate (7). Yield: 51%; MP: 230-2 °C; IR (KBr, cm ™ b):
3477, 3330 (NH,), 1743 (C=0), 1585 (C=N), 1515 (C=C), 1260
(C—0—C), 1023 (C—S—C); 'H NMR (DMSO-dg, 400 MHz, § ppm): 3.83
(s, 6H, 2 OCH3), 3.86, 3.88 (25, each 3H, 2 OCHs), 5.62 (s, 2H, NH,
D,0 exchangeable), 7.05-7.14 (m, 4H, 3,4-dimethoxyphenyl-C5 56 g 5~
H), 7.62 (s, 1H, thienopyridinyl-Cs-H), 7.75-7.76 (m, 2H, 3,4-
dimethoxyphenyl-Cog¢-H); 3¢ NMR (DMSO-ds, 100 MHz, 8§ ppm):
56.02, 56.09, 56.11, 110.46, 111.99, 112.17, 112.21, 113.12, 117.21,
120.13, 121.55, 122.86, 130.47, 131.50, 140.40, 146.51, 148.81,
149.40, 149.47, 150.37, 153.31, 160.15, 168.94; Anal. Calcd for
Co4Hy1NoNaOgS (488.49): C, 59.01; H, 4.33; N, 5.73. Found: C,
59.11; H, 4.30; N, 5.72.

4.1.6.2. 3-Amino-4,6-bis(3,4-dimethoxyphenylthieno[2,3-b]pyridine-2-
carboxamide (8). Yield: 54%; MP: 220-1 °G;IR (KBr, cm ™ 1): 3465-3339
(2 NH,), 1647 (C=0), 1592(C=N), 1513 (C=C), 1255 (C—0—C), 1024
(C—S—C); 'H NMR (DMSO-ds, 400 MHz, 8 ppm): 3.83-3.89 (m, 12H, 4
OCHj3), 6.04 (s, 2H, NH, D,0 exchangeable), 7.07-7.20 (m, 6H, NH,
D,O exchangeable, 3,4-dimethoxyphenyl-C, 5 s s-H), 7.75-7.82 (m,
3H, thienopyridinyl-Cs-H &3,4-dimethoxyphenyl-Coge-H); 3¢ NMR
(DMSO-dg, 100 MHz, & ppm): 56.06, 56.11, 56.14, 56.17, 97.95,
110.63, 112.19, 112.25, 112.88, 118.26, 120.62, 121.13, 121.54,
129.44, 130.69, 146.27, 147.83, 149.11, 149.46, 149.83, 150.92,
155.79, 167.44; Anal. Calcd for C,4H23N305S (465.52): C, 61.92; H,
4.98; N, 9.03. Found: C, 61.88; H, 4.87; N, 8.99.

4.1.7. General procedure for preparation of compounds (9a-d) and (10a-e)

To a mixture of 1 (0.1 g, 0.25 mmol), anhydrous potassium carbo-
nate (0.14g, 1 mmol) in absolute ethanol (5ml), either of the appro-
priate phenacyl bromide or the appropriate chloroacetanilide deriva-
tives (1.1 mmol) was added. The mixture was heated under reflux for
8h. The reaction mixture was then cooled and poured on ice-cold
water. The precipitate formed was filtered and purified by washing with
hot ethanol.

4.1.7.1. (3-Amino-4,6-bis(3,4-dimethoxyphenyDthieno[2,3-b]pyridin-2-
yD) (phenyl) methanone (9a). Yield: 62%; MP: 200-2 °C; IR (KBr, cm ™ ):
3458, 3300 (NH,), 1720 (C=0), 1597 (C=N), 1511 (C=C), 1252
(C—0—C), 1024 (C—S—C); 'H NMR (DMSO-ds, 400 MHz, 8§ ppm):
3.84-3.88 (m, 12H, 4 OCH;), 7.08-7.24 (m, 6H, NH, D,O
exchangeable, 3,4-dimethoxyphenyl-Cy56 & s-H), 7.54-7.63 (m, 3H,
thienopyridinyl-Cs-H & 3,4-dimethoxyphenyl-Cyge-H), 7.79-7.85 (m,
5H, phenyl-H); '*C NMR (DMSO-ds, 100 MHz, § ppm): 56.07, 56.13,
56.23, 103.31, 110.71, 112.18, 112.54, 112.59, 118.51, 119.81,
121.00, 121.43, 127.80, 128.95, 130.25, 131.59, 141.38, 149.33,
149.42, 149.46, 150.10, 151.11, 151.31, 157.92, 162.74, 189.22;
Anal. Caled for CsoHaeN2OsS (526.16): C, 68.42; H, 4.98; N, 5.32.
Found: C, 68.33; H, 4.78; N, 5.29.

4.1.7.2. (3-Amino-4,6-bis(3,4-dimethoxyphenylthieno[2,3-b]pyridin-2-
yD (p-tolyl) methanone (9b). Yield: 60%; MP: 210-2 °C; IR (KBr, cm™Y):
3471, 3345 (NH,), 1740(C=0), 1602(C=N), 1513 (C=C), 1251
(C—0—-0C), 1026 (C—S—0C); 'H NMR (DMSO-dg, 400 MHz, 8 ppm):
2.42 (s, 1H, CH3), 3.84-3.90 (m, 12H, 4 OCHs3), 7.08-7.23 (m, 6H,
NH, D,0 exchangeable, 3,4-dimethoxyphenyl-C; 5 ¢z 5-H), 7.36, 7.72
(2d, J=8Hz, each 2H, p-tolyl-C345 & ¢-H), 7.79-7.86 (m, 3H,
thienopyridinyl-Cs-H & 3,4-dimethoxyphenyl-Cyg6-H); Anal. Calcd
for C3;H.gN,OsS (540.17): C, 68.87; H, 5.22; N, 5.18. Found: C,
68.79; H, 5.02; N, 5.01.

4.1.7.3. (3-Amino-4,6-bis(3,4-dimethoxyphenylthieno[2,3-b]pyridin-2-

yl) (4-methoxyphenyl)methanone (9c). Yield: 62%; MP: 190-1°C; IR
(KBr, cm™1): 3469, 3296 (NH,), 1732(C=0), 1592(C=N), 1513
(C=0), 1252 (C—-0-C), 1025 (C-S—C); 'H NMR (DMSO-d,
400 MHz, 8 ppm): 3.73-3.96 (m, 15H, 5 OCH3), 7.05-7.27 (m, 6H,
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NH, D50 exchangeable, 3,4-dimethoxyphenyl-C s ¢s s-H), 7.80-7.88
(m, 3H, thienopyridinyl-Cs-H & 3,4-dimethoxyphenyl-Cypee-H); *3C
NMR (DMSO-ds, 100 MHz, 8§ ppm): 55.90, 56.06, 56.12, 56.21,
103.23, 110.68, 112.17, 112.51, 114.21, 118.49, 119.91, 120.97,
121.44, 129.00, 130.12, 130.29, 133.74, 149.16, 149.38, 149.46,
150.07, 150.76, 151.26, 157.41, 162.07, 162.49, 188.24; Anal. Calcd
for C3,:H2N,06S (556.63): C, 66.89; H, 5.07; N, 5.03; S, 5.76. Found: C,
66.86; H 5.00; N, 5.69.

4.1.7.4. (3-Amino-4,6-bis(3,4-dimethoxyphenyl)thieno[2,3-b]pyridin-2-

yD (4-chlorophenyl) methanone (9d). Yield: 59%; MP: 226-8 °C; IR (KBr,
cm™Y): 3467, 3290 (NH,), 1724 (C=0), 1590(C=N), 1513 (C=0),
1255 (C—0—C), 1023 (C—S—Q); H NMR (DMSO-dg, 400 MHz, 8 ppm):
3.84-3.88 (m, 12H, 4 OCHs), 7.06-7.23 (m, 6H, NH, D,O
exchangeable, 3,4-dimethoxyphenyl-Cys6s s-H), 7.62 (d, J = 8Hz,
2H, p-chlorophenyl-Csgs-H), 7.79-7.85 (m, 5H, p-chlorophenyl-Coge-
H, thienopyridinyl-Cs-H & 3,4-dimethoxyphenyl-Cyg6-H); >C NMR
(DMSO-dg, 100 MHz, 8§ ppm): 56.09, 56.12, 56.22, 103.00, 110.69,
112.16, 112.54, 118.57, 119.71, 121.05, 121.42, 128.83, 129.08,
129.78, 130.18, 136.34, 139.95, 149.42, 149.45, 150.12, 151.34,
151.44, 157.75, 162.73, 187.74; Anal. Calcd for Cs3oH,s5CIN,O5S
(561.05): C, 64.22; H, 4.49; N, 4.99. Found: C 64.18; H, 4.45; N, 4.96.

4.1.7.5. (3-Amino-4,6-bis(3,4-dimethoxyphenyl)thieno[2,3-b]pyridin-2-
yl) (4-bromophenyl) methanone (9e). Yield: 63%; MP: 232-3 °C; IR (KBr,
cm ™) 3467, 3291 (NH,), 1724 (C=0), 1587 (C=N), 1512 (C=C),
1253 (C—0—C), 1024 (C—S—CQC); H NMR (DMSO-dg, 400 MHz, 8 ppm):
3.84-3.88 (m, 12H, 4 OCH;), 7.07-7.23 (m, 6H, NH, D)0
exchangeable, 3,4-dimethoxyphenyl-C;56s s-H), 7.73-7.84 (m, 7H,
p-bromophenyl-Cy 3 sg6-H, thienopyridinyl-Cs-H & 3,4-
dimethoxyphenyl-Cyg6-H); *C NMR (DMSO-dg, 100 MHz, & ppm):
56.06, 56.09, 56.13, 56.23, 102.97, 110.71, 112.15, 112.56, 118.58,
119.71, 121.05, 121.43, 125.23, 128.86, 129.95, 130.18, 132.01,
140.30, 149.39, 149.44, 150.12, 151.35, 151.47, 157.75, 162.73,
187.79; Anal. Caled for C3gH,sBrN,OsS (605.50): C, 59.51; H, 4.16;
N, 4.63. Found: C, 59.48; H, 4.16; N, 4.62.

4.1.7.6. 3-Amino-4,6-bis(3,4-dimethoxyphenyl)-N-phenylthieno[2,3-b]
pyridine-2-carboxamide (10a). Yield: 61%; MP: 170-2°C; IR (KBr,
em™1): 3473, 3353 (NH,, NH), 1630(C=0), 1593 (C=N), 1530
(C=C), 1245 (C—0—-C), 1024 (C-S—C); 'H NMR (DMSO-dg,
400 MHz, 8§ ppm): 3.85-3.89 (m, 12H, 4 OCHs), 6.18 (s, 2H, NH,
D,0 exchangeable), 7.07-7.13 (m, 5H, 3,4-dimethoxyphenyl-Cy s 5z 6-
H& phenyl-C4-H), 7.31-7.35 (m, 2H, phenyl-Csg5-H), 7.68 (d, J = 8 Hz,
2H, phenyl-Coge-H), 7.78-7.84 (m, 3H, thienopyridinyl-Cs-H & 3,4-
dimethoxyphenyl-Cyg6-H), 9.47 (s, 1H, NH D,0O exchangeable); '3C
NMR (DMSO-ds, 100 MHz, 8 ppm): 56.09, 56.14, 56.18, 56.51, 97.51,
110.72, 112.19, 112.27, 112.83, 118.48, 120.75, 120.88, 121.54,
121.81, 124.02, 128.89, 129.30, 130.60, 139.29, 147.46, 147.99,
149.17, 149.46, 149.90, 151.02, 156.22, 160.41, 164.38; Anal. Calcd
for CsoHa,N30sS (541.62): C, 66.53; H, 5.02; N, 7.76. Found: C, 66.49;
H, 5.01; N, 7.68.

4.1.7.7. 3-Amino-4,6-bis(3,4-dimethoxyphenyl)-N-(p-tolyDthieno[2,3-b]

pyridine-2-carboxamide (10b). Yield: 64%; MP: 160°Cdecomp.; IR (KBr,
em ™) 3482, 3362 (NH,, NH), 1628 (C=0), 1593 (C=N), 1512
(C=0C), 1234 (C—0-C), 1022 (C—S—C); 'H NMR (DMSO-dg,
400 MHz, 8 ppm): 2.28 (s, 3H, CHj3), 3.84-3.89 (m, 12H, 4 OCHs,),
6.15 (s, 2H, NH, D,O exchangeable), 7.08-7.19 (m, 6H, 3,4-
dimethoxyphenyl—Ci 5, 2 & 6'H& p-tOlyl-C3&5-H), 7.55 (d, J = 8 Hz,
2H, p-tolyl-Coge-H), 7.78-7.85 (m, 3H, thienopyridinyl-Cs-H & 3,4-
dimethoxyphenyl-Cyg6-H), 9.39 (s, 1H, NH D,O exchangeable); *3C
NMR (DMSO-dg, 100 MHz, 8 ppm): 20.95, 56.06, 56.10, 56.16, 56.18,
97.64, 110.73, 112.21, 112.28, 112.84, 118.47, 120.74, 120.92,
121.54, 121.87, 129.30, 130.61, 133.01, 136.70, 147.25, 147.96,
149.16, 149.46, 149.89, 151.01, 156.14, 160.37, 164.26; Anal. Calcd
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for C3;Ha9N30sS (555.64): C, 67.01; H, 5.26; N, 7.56. Found: C, 67.00;
H, 5.27; N, 7.54.

4.1.7.8. 3-Amino-4,6-bis(3,4-dimethoxyphenyl)-N-(4-methoxyphenyl)
thieno[2,3-b]pyridine-2-carboxamide (10c). Yield: 59%; MP: 160-2 °C;
IR (KBr, cm ™~ 1): 3471, 3349 (NH,, NH), 1631 (C=0), 1590 (C=N),
1511 (C=C), 1242 (C—0—C), 1024 (C—S—C); 'H NMR (DMSO-dg,
400 MHz, 8 ppm): 3.75 (s, 3H, C¢H4OCH3), 3.84-3.89 (m, 12H, 4
OCH3), 6.13 (s, 2H, NH, D50 exchangeable), 6.91 (d, J = 8 Hz, 2H, p-
methoxyphenyl-Csg5-H), 7.09-7.12 (m, 2H, 3,4-dimethoxyphenyl-Cogse-
H), 7.17 (d, J = 8 Hz, 2H, 3,4-dimethoxyphenyl-Csg, s-H), 7.55 (d,
J=8Hz, 2H, p-methoxyphenyl-Coge-H), 7.78-7.84 (m, 3H,
thienopyridinyl-Cs-H & 3,4-dimethoxyphenyl-Coge-H), 9.36 (s, 1H,
NH D,O exchangeable); *C NMR (DMSO-ds, 100 MHz, & ppm):
55.63, 56.06, 56.11, 56.16, 56.18, 110.71, 112.21, 112.26, 112.88,
114.01, 118.37, 120.69, 121.11, 121.55, 123.71, 129.43, 130.70,
147.80, 149.14, 149.47, 149.86, 150.95, 155.88, 160.33, 164.29;
Anal. Caled for C3;Hy9N306S (571.64): C, 65.13; H, 5.11; N, 7.35.
Found: C, 65.10; H, 5.02; N 7.29.

4.1.7.9. 3-Amino-N-(4-chlorophenyl)-4,6-bis(3,4-dimethoxyphenyDthieno
[2,3-b]pyridine-2-carboxamide (10d). Yield: 60%; MP: 202-4°C; IR
(KBr, cm ™~ 1): 3467, 3362 (NH,, NH), 1636(C=0), 1587(C=N), 1513
(C=C), 1245 (C—0—C), 1021 (C—S—C); 'H NMR (DMSO-dg, 400 MHz,
8 ppm): 3.84-3.89 (m, 12H, 4 OCH3), 6.19 (s, 2H, NH, D-,O
exchangeable), 7.08-7.13 (m, 2H, 3,4-dimethoxyphenyl-C,s ¢-H),
7.17 (d, J=8Hz, 2H, 3,4-dimethoxyphenyl-Css s-H), 7.38 (d,
J = 8Hz, 2H, p-chlorophenyl-Csgs-H), 7.73 (d, J=8Hz, 2H, p-
chlorophenyl-Cogg-H), 7.79-7.85 (m, 3H, thienopyridinyl-Cs-H & 3,4-
dimethoxyphenyl-Cyg6-H), 9.59 (s, 1H, NH D,0O exchangeable); '°C
NMR (DMSO-dg, 100 MHz, 8 ppm): 56.07, 56.11, 56.18, 56.50, 97.50,
110.71, 112.21, 112.31, 112.81, 118.47, 120.80, 120.93, 121.54,
121.87, 123.18, 127.50, 128.79, 129.23, 131.01, 147.78, 148.09,
149.18, 149.46, 149.92, 151.05, 156.35, 160.36, 164.26; Anal. Calcd
for C3oH.6CIN3OsS (576.06): C, 62.55; H, 4.55; N, 7.29. Found: C,
62.49; H, 4.52; N, 7.28.

4.1.7.10. 3-Amino-N-(4-bromophenyl)-4,6-bis(3,4-dimethoxyphenyl)
thieno[2,3-b]pyridine-2-carboxamide (10e). Yield: 61%; MP: 220-2 °C;
IR (KBr, cm ™ 1): 3468, 3344 (NH,, NH), 1634(C=0), 1598(C=N), 1508
(C=C), 1245 (C—0—C), 1020 (C—S—C); 'H NMR (DMSO-dg, 400 MHz,
8 ppm): 3.78-3.96 (m, 12H, 4 OCH3), 6.20 (s, 2H, NH, D-,O
exchangeable),7.08-7.13 (m, 2H, 3,4-dimethoxyphenyl-C»g ¢-H), 7.17
(d, J = 8 Hz, 2H, 3,4-dimethoxyphenyl-Csg, 5-H), 7.38 (d, J = 8 Hz, 2H,
p-chlorophenyl-Csgs-H), 7.73 (d, J = 8 Hz, 2H, p-chlorophenyl-Cogse-
H), 7.79-7.85 (m, 3H, thienopyridinyl-Cs-H & 3,4-dimethoxyphenyl-C,-
se-H), 9.53 (s, 1H, NH D,O exchangeable); Anal. Calcd for
C30Ha26BrN305S (620.51): C, 58.07; H, 4.22; N, 6.77. Found: C 58.02;
H, 4.21; N, 6.67.

4.2. Biological evaluation

All chemicals, solvents, media and kits were purchased from com-
mercial suppliers. The utilized protocols and equipments are described
as following under each section. Biological evaluation procedures were
performed in Medical Biotechnology Department, Genetic Engineering
and Biotechnology Research Institute, City of Scientific Research and
Technological Applications (SRTA-City), Egypt.

4.2.1. Cytotoxicity screening

Normal human lung fibroblast Wi-38 cell line was used to detect
cytotoxicity of the tested compounds compared to currently used an-
ticancer drug (doxorubicin). Wi-38 cell line was subcultured in DMEM
medium-contained 10% fetal bovine serum (FBS), seeded as 5 x 10°
cells per well in 96-well cell culture plate and incubated at 37 °C in 5%
CO, incubator. After 24 h for cell attachment, serial concentrations of
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these compounds and doxorubicin (Dox) were incubated with Wi-38
cells for 72 h. Cell viability was assayed by MTT method [32]. Twenty
microliters of 5 mg/ml MTT (Sigma, USA) was added to each well and
the plate was incubated at 37 °C for 3h. Then MTT solution was re-
moved, 100 uL. DMSO was added and the absorbance of each well was
measured with a microplate reader (BMG LabTech, Germany) at
570 nm. The effective concentration (ICso) and safe dose (EC;¢o) values
of the tested compounds that cause 50% and 100% cell viability were
estimated by the GraphpadInstat software.

4.2.2. Anticancer screening

Anticancer effect of the above-mentioned compounds was assayed
using four human cancer cell lines. Colon cancer cells (Caco-2) were
maintained in DMEM (Lonza, USA) containing 10% FBS while breast
cancer cell line (MCF-7), liver cancer cell line (HepG-2) and prostate
cancer cell line (PC-3) were cultured in RPMI-1640 (Lonza, USA) sup-
plemented with 10% FBS. All cancer cells (5x10% cells/well) were
seeded in sterile 96-well plates. After 24 h, serial concentrations of the
tested compounds and Dox were incubated with four cancer cell line-
sfor 72 h at 37 °C in 5% CO, incubator. MTT method was done as de-
scribed above [32]. The half maximal inhibitory concentration (ICso)
values were calculated using the GraphpadlInstat software. Further-
more, cellular morphological changes before and after treatment with
the most effective and safest anticancer compounds were investigated
using phase contrast inverted microscope with a digital camera
(Olympus, Japan).

4.2.3. Flow cytometric analysis of apoptosis

The ICs of the most effective compounds and Dox were incubated
for 72h with Caco-2, MCF-7, HepG-2 and PC-3 cell lines. After trypsi-
nization, the untreated and treated cells were incubated with annexin
V/PI for 15 min.Then cells were fixed and incubated with streptavidin-
fluorescein (5 pg/ml) for 15 min. The apoptosis-dependent anticancer
effect was determined by quantification of annexin-stained apoptotic
cells using the FITC signaldetector (FL1) against the phycoerythrin
emission signal detector (FL2) [42].

4.2.4. Caspase 3/7 activation assay

The percentage of caspase 3/7 activation was quantified using the
Caspase-Glo 3/7 kit following the manufacturer’s instructions. This kit
used a luminogenic substrate that was cleaved by caspases resulting in
the generation of the luminescent signal. This signal was measured by
the fluorescence omega microplate reader (BMG LabTech, Germany) at
490 nm excitation and 520 nm emission.

4.2.5. Evaluation of cancer cell damage by propidium iodide-staining assay

Propidium iodide (PI) stain was used to detect the percentage of cell
damage due to its ability to penetrate and stain the chromatin of dead
cells only. The most active compounds were incubated with human
cancer cell lines in CO, incubator. After 72 h, the untreated and treated
cells were washed with phosphate buffered saline (PBS) and incubated
with PI (10 pg/mL) for 15 min. Then PI was discard, 100 uL. PBS was
added and plates were read using fluorescence plate reader (BMG
LabTech, Germany) at 520 nm emission and 490 nm excitation. The
percentage of DNA damage = [(fluorescence intensity of treated cells-
fluorescence intensity of untreated cells)/ fluorescence intensity of
treated cells)] x 100.

4.2.6. VEGFR-2 kinase inhibitory activity

The most active compounds were evaluated for in vitro VEGFR-2
kinase inhibitory activity utilizing VEGFR2 (KDR) Kinase Assay Kit -
BPS Bioscience Corporation catalog # 40325, following the manu-
facturer’s instructions [45].

4.2.7. PIM-1 kinase inhibitory activity
The most active anticancer compounds were tested for their ability
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to in vitro inhibit PIM-1 kinase utilizing PIM-1 Kinase Assay Kit —
Promega Corporation catalog # V4032, following the manufacturer’s
instructions [46].

4.2.8. Real time PCR assay for quantifying vascular endothelial growth
factor (VEGF), p53 and cyclin D expression levels

Total RNAs of untreated and the most effective anticancer com-
pounds-treated HepG2 cells were extracted using Gene JET RNA
Purification Kit (Thermo Scientific, USA) then cDNA was prepared
using cDNA Synthesis Kit (Thermo Scientific, USA). Real time PCR was
performed using Real time PCR was performed using SYBR green qPCR
kit (Thermo Fisher Scientific, USA) and specific primers. These primers
(Forward/Reverse) were 5-CTACCTCCACCATGCCAAGT-3’/5-GCAGT
AGCTGCGCTGATAGA-3’, 5-TAACAGTTCCTGCATGGGCGGC-3'/5-AG
GACAGGCACAAACACGCACC-3’ and 5-CCGTCCATGCGGAAGATC-3'/
5’- GAAGACCTCCTCCTCGCACT-3’ for VEGF, p53 andcyclin D genes,
respectively. The 2 22T equation was used to estimate change in gene
expressions before and after treatment of HepG2 cells.

4.2.9. Statistical analysis

Data were expressed as mean * standard error of the mean (SEM).
Statistical significance was estimated by the multiple comparisons
Tukey post-hoc analysis of variance (ANOVA) using the SPSS16 pro-
gram. The differences were considered statistically significant at
p < 0.05.
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